Abstract P2X receptor (P2XR) is a family of the ATPgated ion channel family and can permeabilize the plasma membrane to small cations such as potassium, sodium, and calcium, resulting in cellular depolarization. There are seven P2XR that have been described and cloned, with 45% identity in amino acid sequence. Each P2X receptors has two transmembrane domains that are separated by an extracellular loop and an intracellular N and C terminus. Unlike the other P2X receptors, the P2X7R has a larger C terminus with an extra 200 amino acid residues compared with the other receptors. The C terminus of the P2X7R has been implicated in regulating receptor function including signaling pathway activation, cellular localization, proteinprotein interactions, and post-translational modification (PTM). In the present review, we discuss the role of the P2X7R C terminus in regards to receptor function, describe the specific domains and motifs found therein and compare the C terminus sequence with others proteins to discover predicted domains or sites of PTM.
Introduction
Classically, researchers focus on one protein and study its function within a linear pathway, on a single context or by minimizing the possibilities of its interactions. However, sequencing the genome has revealed a small number of genes that correspond to a large number of proteins, and the same protein can be presented in different ways, such as phosphorylated or nitrosylated proteins. This discovery changed the classic way of thinking about proteins and their interactions, and in addition, many studies have focused on studying isolated proteins outside of the cell or biological context, which limits identifying their true actions and interactions within a cell. Cells and biological systems are dynamic entities, and one protein can be involved in many interactions and pathways that should not be studied in isolation; we must consider multipoint effects/ interactions. These multi-interacting proteins have important roles in cellular signaling pathways with two or more biological functions, initiating a cascade of events that will shape cell identity or define a biological context.
A good example for utilizing this new multipoint view is the P2X7 receptor (P2X7R). As a member of the adenosine triphosphate (ATP)-gated ion channel family, P2X7R has a unique long C terminus with an extra 200 amino acid residues compared with the other P2X receptors. The sequence identity with other P2X receptors is of approximately 40-50 % [1] . The first receptor was cloned from rat brains and then from monocytes and microglia cells in humans and mice. P2X7R activation was initially described as a low conductance ion channel [2, 3] associated with pore-formation activity [2, 4, 5] , maturation, and release of pro-inflammatory cytokines [6] [7] [8] , killing of pathogens [9] , activation of caspases [10] [11] [12] , membrane blebbing formation [13, 14] , activation of different phospholipases [9, 15, 16] , production of free radicals [17] , cell cycle regulation [18] , T cell maturation [19] , and many other functions. P2X7R is a typical one-protein receptor that has different functions in different or even the same cells.
One situation that illustrates the complexity of P2X7R is the apparently progressive increase in pore permeability to big molecules associated with this receptor. Pore-formation activity is one of the most studied characteristics of P2X7R. It classically defined the prolong millimolar ATP stimulation, leading to the opening of membrane pores and permitting the transport of large molecules under 900 Da [20, 21] . Two main mechanisms have been proposed to explain the increase in permeability attributed to P2X7R activation in time-depended manners; (a) a prolonged ATP stimulation due to P2X7R conformational changes and recruitment of new P2X7 sub-units, resulting in dilatation of the ion channel and increase of permeability [22, 23] ; (b) ATP stimulation could induce P2X7R changes, resulting in the exposure of new protein linear sequences or motifs that recruited/interacted with other channel/ pore proteins, which are permeated to larger molecules [24] , such as connexins and pannexins families. The pathway related with P2X7R pore formation is still unclear and more experimental data are necessary to better understand it. The connexin family is a pore-forming candidate that could be induced by P2X7R. In 2004, Fortes et al. demonstrated that connexin 43 (Cx43) co-localized with P2X7R by confocal imaging, bypassing the dye in ATP-sensitive macrophage cultures of Cx43 but not in ATP-insensitive macrophage [25] . Recently, some authors have suggested that the protein responsible for P2X7R pore formation is pannexin 1 (Panx1) [26] . Panx1 is structurally, but not sequentially, related to connexins [27] [28] [29] . Different researchers have demonstrated that Panx1 disruption by small interfering RNA could inhibit some functions of P2X7R, including pore formation [30] [31] [32] [33] . Schachter et al. have also made a significant contribution that can help to identify the pore molecule and distinguish the mechanisms of ionic dye capture in macrophages [34] . They showed that macrophages could uptake both positively charged dyes, such as ethidium bromide, and negatively charged dyes, such as Lucifer yellow; however, P2X7R-transfected HEK 293 cells only uptake positive dyes, indicating that different mechanisms are used to capture different dyes. One possible explanation to these data could be that these differences might be associated with Cx-or Panx1-dependent pathways, but it needs to be proved.
How can one single protein maintain such a variety of different functions? To answer this and other questions, some studies have focused on the C terminus of P2X7R, which is larger than other P2X C termini. It has been suggested that the P2X7R C terminus interacts with different proteins, as demonstrated using proteomic assays by Kim et al. [35] and Gu et al. [36] , and that some amino acids or motifs have an important role on P2X7R activity. Here, we will discuss the role of the C terminus domain in the context of different biological functions of P2X7R and analyze the C terminus linear sequence with some predictive tools to try to understand the global functions of P2X7R.
Examining the P2X7R C terminus
Despite the great interest in P2X7R and the huge advances in this field, there is not much information about its structure and motif composition. Only recently, the crystal structure of the zebrafish P2X4 orthologue receptor was resolved [37] , adding to our understanding of the general P2X structure. There are data indicating that the P2X7R N terminus has some important residues related to selectivity and activity of the P2X7R ion channel and interaction with MAPKs [38] and on the extracellular loop, some residues in the ATP-interacting sequence are glycosylated [39] . The P2X7R C terminus is involved in the majority of functions related to P2X7R, and thus, our review will focus on the C terminus of P2X7R.
In 2001, Denlinger et al. were the first to conduct an alignment comparison of the C terminus of P2X7R with the domains of other proteins using the BLAST program [40] . In Denlinger's report, the authors identified several regions of interest in murine P2X7R: a SH3 motif present within residues 441-460; region similar to the TNFR1 death domain at residues 436-531; a very similar region (50% identity) to the high molecular weight protein 3 (from Mycoplasma genitalium) and to a hypothetical protein C18H2.1 (from Caenorhabditis elegans) at residues 389-405 and 494-508, respectively; and of all motifs identified by the authors, the most well characterized was a lipopolysaccharide (LPS)-binding domain corresponding to amino acids 573-590.
Looking closer at Denlinger's data, we noticed that the SH3 domain was located inside the death domain of the P2X7R C terminus. In fact, Adriouch et al. [41] and Stunff et al. [42] described a single-coding mutation (T1352C) in C57Bl/6 mice in comparison to Balb/c mice that changes a single amino acid, the proline residue at position 451, to a leucine residue (P451L) [41] . This mutation resulted in an impairment in cell death and pore formation in C57Bl/6 mice, but not in Balb/c mice that shared this region with rat and human P2X7R [41] . However, the P451L mutation did not affected other P2X7R functions, as reported to the ion channel current [43] and phospholipase D activation [42] . The loss of function on P451L has been associated with the fact that P451 is in the SH3 domain (PxxP, x=any amino acid), which interacts with Src tyrosine kinase and leads to activation of Panx1 [24, 44] . Panx1 was suggested to be the real pore opening controlled by P2X7 for the transport of ions [26, 34] . The most important evidence that supports this idea was the use of a peptide based on the SH3 domain that binds to P451 on P2X7, leading to the inhibition of the interaction between this protein and Src tyrosine kinase proteins in J774 macrophage, a Balb/c derivated cell lineage [24] , impairing the pore opening in a way that is independent of Panx1 or others proteins. In neural progenitor cell from C57Bl/6 mice, Delarasse et al. showed a pore formation by ATP stimulation that allowed the entry of ethidium bromide in these cells, but the cell death observed was independent of the pore opening [45] In comparison to other proteins, the P2X7R C terminus has two consensus motifs (488-492 and 570-574) similar to the SH3 domain (PxxxR) of Grb2 (Table 1) , a protein involved in the MAPK pathway and one motif consensus (576-579, consensus conserved in mouse, rat, and human P2X7R) similar to the SH3 domain of GADS. By proteomic analysis, Gu et al. described that a nonmuscle myosin interacted with P2X7R and could modulate negatively the P2X7 pore formation in THP-1 monocytes and P2X7R transfected HEK 293 [36] . The nonmuscle myosin IIA heavy chain (myosin-9) identified in human monocyte THP-1 shared the same predicted SH3 domain (PxxxR) predicted in P2X7R and similar to Grb2, but the real interacting motif between them is unknown and only espouses in non ATP stimulated P2X7R. The P451L mutation had a similar effect to another mutation, changing a glutamic acid residue at position 496 to alanine (E496A) [46, 47] . This mutation is frequently found in individuals suffering from chronic lymphocytic leukemia [46] , and E496A causes a defect in B lymphocyte apoptosis [47] by abolition of pore-formation and lytic functions of the P2X7R. However, neither mutation affects the surface expression of P2X7R. Together with E496A, another two polymorphisms in P2X7R were found: an isoleucine residue at position 568 that was changed to asparagine (I568N) and a threonine at position 357 that was changed to serine (T357S), both described in human leukocytes [48] [49] [50] . T357S was described to cause an impairment in ATPinduced apoptosis, mycobacterial killing in macrophages, and a loss-function of P2X7R in lymphocytes, monocytes, and macrophages [49] . Interestingly, the T357 residue was not predicted to be a phosphorylation site because, in this case, the change of threonine to serine probably did not affect the phosphorylation; however, this change possibly interferes with the reduction reaction carried out by P2X7 due to the loss of a methyl radical from the threonine residue. T357 (T357-S360) was also shown to be involved in a potential beta-arrestin binding motif, along with T508-S510 and S540-S543, as reported by Feng et al. who also proposed that one of these sequences is involved in P2X7R internalization and recycling trigged by ATP [51] . The third polymorphism identified on the P2X7R C terminus is I568N, which is found in patients with lymphocytic leukemia [48] and located inside the putative P2X7R LPS-binding site (551-581). I568N is critical for correct trafficking of P2X7R and, when expressed on monocytes and macrophages, decreases P2X7R function to a value around 50% below normal.
At the LPS-binding site identified by Denlinger et al. [40, 52] , the authors described that the arginine and lysine residues at positions 578 and 579, respectively (R578 and K579), were essential to locate P2X7R on the surface of cells, despite normal levels of total protein expression [52] . Mutations on these residues did not affect protein folding or membrane insertion [52] . The authors suggested that R578 and K579 motifs in the C terminus P2X7R could control receptor trafficking to the membrane. This defect was partially restored at 24-27°C and appears to be involved with recycling events regulated by P2X7R. Mutations of R578 and K579 abolished the interaction with LPS in vitro, lipid-dependent endocytosis, and provoked impairment of potassium currents and pore openings that could lead to improper IL-1beta release [52] . Inside the LPS-binding site, one n-myristoylation site is present (residues 586 to 591-predicted by Proscan (http://www-bimas.cit.nih.gov/molbio/ proscan/) [53] ), emphasizing the importance of this sequence to lipid interactions.
Along with R578 and K579, other amino acid residues were described to be involved in cell surface expression or membrane sub-localization. These residues include the cysteine at position 572 (C572), arginine at 574 (R574), and phenylalanine at 581 (F581), identified by point mutation as unique P2X7R pore-enabling domains [54] ; and twelve C terminus cysteine residues of P2X7R [55] , including C572. The P2X7R pore-enabling domain is a specific P2X7R region overlapping with a previously identified LPS-binding site [40, 54] . Point mutation experiments have revealed that C572, R574, and F581 are the major amino acid residues related to the complete lack of cell surface expression and also participate in defects in pore opening [54] . Both domains interact with protein members of the epithelial membrane protein family (EMP-1, EMP-2, and EMP-3) [56] involved in cell blebbing, which is one downstream effect of P2X7R triggering activity.
The P2X7R C terminus presents 12 cysteine residues ( Fig. 1 ) that participate in membrane localization [55] . Palmitoylation is a post-translational modification related to the reversible membrane localization signal [57] and is [55] , indicating that palmitoylation is important to the location of P2X7R and not to their mobilization after ATP stimulation. Mutations on these twelve cysteine residues compromised the presence of P2X7R on the cell surface and induced receptor expression on the endoplasmic reticulum and lysosomes, whereas the absence of palmitoylated cysteines abolished P2X7R from the Golgi apparatus [55] , and the C572 was described as a residue involved in membrane/traffic signal [54] . All of these amino acid residue modifications lead to an impairment of receptor localization on the cell surface, and are consequently related to the lack of pore opening activity. However, we could observed three groups of palmitoylated cysteines (C371-C377, C477-C506, and C572-C573), one possibility is that each cysteine-rich group could be involved with different P2X7R locations, or the sequence of 100 amino acid residues between the first and second cysteine-rich group could interact with different proteins even that these two cysteine-rich groups have been attached to the membrane lipids. Recently, Roger et al. described that an 18 amino acid sequence rich in cysteine residues (CRSHIYPWCK CCQPCVV-human P2X7R, Fig. 1 ) contributed to P2X7R Ca 2+ -independent facilitation current [59] . Animals in which this segment has been deleted showed no Ca 2+ -independent facilitation current and slower deactivation [59] . Focusing on this linear sequence, we could observe the same cysteinerich region that was described by Gonnord et al. [55] as a palmitoylation site, and it suggests a possible relationship between cysteine palmitoylation with current properties. However, there is no conclusive evidence that these amino acid residues act directly on pore activity, or if pore activity is compromised by the lack of surface receptors or misplacing localization on plasma membrane. These data suggest an important molecular interaction between P2X7R and phospholipids in the cell membrane, to correct synthesis, trafficking, localization, and subsequent pore activity.
Smart et al. have also demonstrated an important role for the P2X7R C terminus in ethidium uptake requiring over 95% of the C terminus [54] . In Xenopus laevis oocyte protein expression, the expression of a P2X7R tail truncated at residue 436 abolished retention in the endoplasmic reticulum and increased the levels of the receptor on the cell surface. [51] . The 65-KDa P2X7R, the most common isoform found, is a naïve receptor, whereas the 85-kDa protein is a mature receptor, and the 18-kDa protein is the degraded form. It is possible that receptor maturation is involved in glycosylation events and that there are some substantial differences between human and Xenopus glycosylation. Independent of protein system expression, Becker et al. described two fragments of the P2X7R C terminus related to regulatory gating activity and sensibility [60, 61] . In this report, the authors demonstrated by electrophysiology experiments that the expression of truncated P2X7R (t-P2X7R, 1-436) on the oocyte surface produces a response of 5% of the full-length P2X7R current, while when this t-P2X7R was co-expressed with the C terminus, the response to ATP-gated current amplitudes had a 10-20% increase [60] , reaching levels that were similar to P2X7R wild type. Sub-fragmenting the C terminus in association with electrophysiological experiments, Becker et al. restricted the amino acid residue sequence that was related with gate sensibility and activity to a specific domain: I409-L494. This sequence contains three of the twelve cysteine residues that are palmitoylated and the most conserved SH3 domains described for the P2X7R C terminus [41, 44, 55] . We can predict nine amino acid residues that undergo glycosylation or correlate with modifications in the P2X7R C terminus (K425, T452, and W476). However, the actual importance of these residues on P2X7R has yet to be determined, and until the current moment no suggestions occur related to C terminus glycosilation.
On the most distal portion of the P2X7R C terminus, Adinolfi et al. described a tyrosine phosphorylation site that could act as a negative regulatory domain to receptor activity [62] . The authors showed a protein-protein interaction between human P2X7R and heat shock protein 90 (HSP90) in macrophages, where the HSP90 association with P2X7R occurs at phosphorylated-tyrosine position 550 [62] . The direct interaction of a point mutation in this residue to a phenylalanine, Y550F, increased the association between HSP90 and decreased the sensitivity to the agonist 15-fold, which was reversed by application of an HSP90 inhibitor, geldanamycin. It was also shown that, when triggered by ATP, the interaction of P2X7R and Src tyrosine kinase occurs in the SH3 domain (described above). In parallel, Kin et al. performed an over expression followed by proteomics analysis of P2X7R using transfected HEK-293 cells, and identified an interaction between P2X7R and protein tyrosine phosphatase beta (RPTPbeta- [35] . In a hypothetical situation, such as a macrophage infection by some microorganism such as Chlamydia [63] , Mycobacterium [64] , or Leishmania amazonensis [65] , when an up-regulation of P2X7R function occurs, it is possible that the infection activates RPTPbeta, which dephosphorylates Y550; this decreases the interaction with HSP90 and increases the agonist sensitivity to P2X7R. The P2X7R induces a mechanism that can kill pathogen microorganisms, but if the microorganism induces the recruitment of Src tyrosine kinase to interact with the SH3 domain of P2X7R, this will cause an up-regulation of the levels of phosphorylated-Y550, consequently attracting more HSP90, and inhibiting the microorganism death. Amino acid phosphorylation and dephosphorylation are key events in signaling pathways. Phosphorylating Y550 with a tyrosine kinase induces a down regulation of receptor function. At the same time, Gorodeski's group has shown that an unknown amino acid residue is responsible for the up-regulation of P2X7R recycling [51, 66, 67] . Using three different prediction programs (NetPhos, NetPhosK, and MotifScan- Table 2 ) [68, 69] and http://myhits.isb-sib.ch/cgi-bin/motif_scan, we predicted the existence of other putative phosphorylated residues with threshold levels at 0.70. We found the threonines at 397, 509, and 555 (T397, T509, and T555) to be predicted PKC phosphorylation sites. It is well-known that P2X7R can recruit different types of protein kinases, such as PKCs [70] [71] [72] [73] . PKCs have been described in P2X7 signaling pathways in some cellular contexts. In the astrocyte RBA-2 cell line, ATP and BzATP activate a signaling pathway that stimulates TGF-β1 RNA expression which is partially blocked by the PKC inhibitors GF109203X and Gö6976, as well as the MAPK inhibitor PD98059 [71] . The P2X7R stimulated by BzATP in rat parotid acinar cells activates PKC and ERK [72] . In the rat submandibular gland, P2X7 activates PKC and stimulates PLD; this effect is blocked by a generic inhibitor of PKC and is absent in P2X7R −/− mice [73] . In the apoptotic pathway, our group has obtained some data suggesting that PKCδ is involved in cell death induced by ATP, but the significance of P2X7R triggering PKCδ is unclear. Most residues and motifs described thus are very similar to P2X7R in humans, rats, and mice. However, the identity is low, mouse P2X7R is around 80% to human P2X7R and 85% to rat P2X7R [74] , which explains some pharmacological differences between mouse (C57Bl/6 and Balb/c), rat, and human P2X7R [74, 75] . The pharmacology properties of P2X7R are not simple to be defined; most of the agonists and classical antagonists present different potential that varies by species and single-nucleotides polymorphism. The first comparisons of rat, mouse, and human P2X7R expressed in the same cell system (human astrocytoma 1321N1 cell) was made by Donnelly-Roberts et al. [75] . The authors observed that some antagonists, such as KN62, were more potent and selective to inhibited human P2X7R cation influx, but no difference was described when pore-formation activity was compared in human and mouse P2X7R [75] . Brilliant Blue G was only selective to inhibited cation influx in rat P2X7R, but no difference was observed to pore-formation activity [75] . S390  P390  S390  CK2 phosphorylation  x  x  T397  T397  T397  PKC phosphorylation  x  x  S402  S402  S402  CK2 phosphorylation  x  x  S443  S443  P443  PKA phosphorylation  x  x  S445  S445  A445  CK2 phosphorylation  x  x  T452  I452  I452  CK2, p38, cdk5, GSK3  x  x  T509  T509  T509  PKC phosphorylation  x  x  x  T522  A522  V522  PKA phosphorylation  x  S543  S543  S543  cdc2 phosphorylation  x  T555  T555  T555  PKC phosphorylation  x  x x positive prediction These single amino acids variations and different motifs sequences explain how hard it is to understand the physiological role and pharmacological differences in P2X7R. For example, BzATP, the most potent agonist to P2X7R, is stronger to stimulated human P2X7R than mouse and rat P2X7R [75] . If we look at the pore sensibility and activation domain (Fig. 1) , we could find four amino acid residues present in human P2X7R (N413, R419, A433, and A445) that are not shared in the rat or mouse sequence. These differences could interfere in the YO-PRO uptake as discussed by Donnelly-Roberts et al. [75] . Other interesting data reported by Donnelly-Roberts et al. is that there is no difference in increased of intracellular calcium or Yo-Pro uptake between C57Bl/6 and Balb/c P2X7R when expressed in 1321N1 cell [75] . In both cases, the pharmacological profile was very similar. It suggests that the P451L mutation could be dependent on some protein interaction, as example the Panx1 or other pore-forming protein, and it is dependent of cellular environment. However, most of the studies that use transfection systems to analyze P2X7R function generally perform their assays with rat-P2X7R. Even though there is significant sequence identity between mouse and human, it is important not to over-interpret data where significant amino acid differences might alter predicted function. A good case example is the calmodulin-binding site of rat-P2X7R [14] . The authors elegantly showed that isoleucine residue 541 (I541) and serine residue 552 (S552) bind to calmodulin, which regulates calcium ion channel activity and subsequent membrane blebbing formation [14] . A point mutation (human-rat) of I541 to threonine (I541T) and S552 to cysteine (S552C) reduced the calcium current by 80% and blocked the co-immunoprecipitation of calmodulin with P2X7R. Importantly, these two point mutations are the native sequence in human and mouse P2X7R (Fig. 2) . This finding implies that interactions between calmodulin and P2X7R do not occur in these species. The I541 in rat-P2X7R causes a break in a polar amino acid sequence near a putative P2X7R LPS-binding site, whereas T541 in human and mouse increases the polar characteristics of this motif and may interfere with P2X7R trafficking. Recently, Roger et al. compared the properties of ATP evoked currents and the protein-protein interaction between P2X7R and calmodulin in HEK293 transfected with rat, human, and triple mutant human P2X7R [59] . The human P2X7R current in comparison with rat P2X7 was slower and the human P2X7 did not interact with calmodulin by co-immuneprecipitation. In an elegant experiment, Roger et al. created a three point mutated human P2X7R, where this mutation corresponded to calmodulin-binding motif described in rat P2X7 (T541I, C552S, and G559V (Glycine to Valine)), the current in triple human mutated P2X7R was similar to rat P2X7R and bigger than wild-type human P2X7R and the calmodulin was found co-immunoprecipited with the mutated receptor [59] .
The link established between calmodulin and P2X7R and their native differences in rat and human suggested that the human expressing P2X7R cells could be more resistant to some ATP biological effects, and one of these effects are related with inflammatory sites. The sensibility of macrophage activation by Gram-negative bacterial endotoxin, such as LPS is central to inflammatory response and endotoxin tolerance. The pre-treatment of RAW 264.2 macrophages with oxidazed-ATP inhibited the LPSstimulated NO production and iNOS expression [76] . Oxidized ATP also inhibited the interleucine-1 maturation in human macrophage [77] or in mice isolated aorta [7] . In C57Bl/6 mice macrophages, RAW264.2 and HEK 293 it was observed the requirement of calmodulin to Toll-like receptors (TLR) 4 (LPS responsive), TLR 3 (dsRNA responsive), and TLR 9 (CpG DNA responsive) in triggering cytokine and interferon type-I production by IRF3 and TAK1 [78] . It suggests that in an inflammatory situation when the host is invaded by some Gram-negative bacteria and the LPS are stimulated, the cytokine and NO production could be dependent or partially dependent of P2X7R-calmodulin or that calmodulin also could be involved in inflammasome activation. If that occurs we could presume that in the rat macrophage the LPS response or inflammasome activation could be more efficient than human and mouse macrophages.
What is expected for the future?
Over the past thirty years, the idea of an ATP molecule has been transformed from a simple energy supply molecule to an important second messenger in many signaling pathways [79] . Since 1976, when Geofrey Burnstock developed his purinergic co-transmission theory [20, 21] and the ATP molecule was described as the first non-adrenergic and noncholinergic neurotransmitter in the nervous system up till now, where P1 and P2 purinergic receptors have been cloned, characterized, and targeted therapeutically, the ATP molecule has grown in importance as a second messenger. Our understanding of the biological functions of purinergic receptors are limited, and our understanding of P2X7R is Fig. 2 Comparison between the rat (Q64663), mouse (C57Bl/6-Q91M0), and human (Q99572) P2X7R Calmodulin-binding site as suggested in Refs. [17, 57] even more restricted. In this review, we have focused specifically on the C terminus portion of P2X7R, a specific domain with an extra 200 amino acid residues compared with other P2X receptors. Here, we have enumerated the most relevant domains and motifs found in the P2X7R C terminus.
Classically, the activation of P2X7R results in the rapid and reversible permeability of the membrane to Ca2+, Na+, and K+ ions. This activation requires sustained millimolar concentrations of ATP to stimulate the pore opening, which allows molecules less than 900 Da to enter the cell. Associated with the K+ efflux, P2X7R activation results in the activation of caspase 1 [11] , culminating with the maturation and release of interleukin 1-beta (IL-1beta) [8] , described as part of the inflammasome pathway [80, 81] . Other downstream signaling pathways have also been related to P2X7R, including L-selectin (metalloproteases) membrane shedding [82] , activation of phospholipases A 2 and D [9, 16] , recruitment and activation of protein kinases such as MAPKs [72] , PKC [70, 71] , Src [44] , and GSK-3 [83, 84] , target to phosphatases [62] , and membrane blebbing via ROCK [13] and EMPs [56] activation. P2X7R studies are complex because protein function is cell type-specific (e.g., macrophages, monocytes, lymphocytes, kidney cells, or epithelial cells). To understand how P2X7R can trigger multi-pathway signaling, we need to start viewing this receptor as exactly what it is: one ATPligand protein that activates different pathways. There is much still to learn. An analysis of the P2X7R sequence using Minimotif Miner Scan [85] [86] [87] and focusing on the C terminus has allowed us to find many new and previously undiscovered motifs and domains listed in Table 1 .
The key to studying signaling pathways is to understand that protein function is completely dependent on time and space. In other words, the effects of activating one protein are entirely dependent on the timing of the event with regards to the clientele of downstream signaling targets that are present for interactions. It is important to remember that each receptor is embedded in a microenvironment, inside a particular ordained structure (microenvironment or cellular compartment), maintaining different intermolecular interactions and communications depending on the state of posttranslational modifications. P2X7R is not exempt from this paradigm, and it can be found in the plasma membrane, in microdomains such as lipid rafts, and in organelle membranes as well as on the nuclear membrane, where this receptor was predicted to be localized based on the bipartite nuclear localization signal found at R491-R505 (Bipartite nuclear localization signal by MotifScan EXPASY (http:// myhits.isb-sib.ch/cgi-bin/motif_scan)). Each one of these cellular compartments is composed of different proteins that probably affect the P2X7R function, but this explains only part of the versatility of this receptor. The proximity of two proteins is no guarantee that the proteins are interacting; for this interaction to occur, it is necessary to have two complementary domains or motifs.
One motif predicted was the consensus binding to SH3 domain. Using the Minimotif Miner Scan, we predicted three proline rich sequences that bind SH3 domains similar to the Grb2 adaptor protein family. The Grb2 family of proteins are adaptor proteins that are expressed in lymphoid and myeloid lineages and are involved in tyrosine kinase signaling organization [88, 89] and binding to LAT (Linker in activated T cell). We also found two PxxxR consensus sequences (P488-R492 and P570-R574) in the SH3 domains of Grb2 and one RxxxK (R576-K579) consensus sequence in GADS. In general, Grb2 is involved in the SOS/Ras/ERK signaling pathway activation [88, 89] , and GADS is involved in SLP-76 recruitment leading to tyrosine kinase activation, ending with NF-AT signaling [88, 89] . GADS-deficient animals show significant apoptotic induction in double negative thymocytes and a reduction in thymocyte differentiation [89] . Some authors have demonstrated that thymocytes during T cell maturation Fig. 3 Influence of P2X7R on body weight gain. a C57BL/6 P2X7R knockout (P2X7 −/− ) and C57BL/6 wild-type mice were fedwith normocaloric diet for 3 weeks and their weight measured. The P2X7 −/− mice demonstrated a higher body weight gain compared with wild-type mice. b C57BL/6, control mice were injected with vehicle or treated with BBG at 45.5 mg/kg every 48 h by intraperitoneal injection, fed with normocaloric diet for 3 weeks and their weight measured. The BBG-treated mice demonstrated a higher body weight gain compared with controls respond to extracellular ATP in a P2X7R-dependent manner, which results in apoptosis [19] . At least one author has described that apoptosis induced by P2X7R had an ERK dependent component [10, 90] , and during infection by Trypanosoma cruzi, double positive thymocytes were more susceptible to apoptosis induced by P2X7R [91] . The significance of these putative motifs to SH3 of the Grb2 family is unclear because no one has studied this interaction; however, it may be important to thymocytes and T cell maturation. It is possible that activated P2X7R recruits Grb2 to trigger ERK signaling or that apoptosis in thymocytes occurs by P2X7R sequestering GADS, which impairs the GADS/SLP76/tyrosine kinase pathway and leads to thymocyte cell death.
The activation of tyrosine kinases by the Grb2 family is dependent on SH2 domains. This domain interacts with phosphorylated tyrosine and coordinates the actions of different tyrosine kinases. SH2 domains are present in the adaptor protein family, such as the Grb2 family, and within tyrosine kinases itself [92, 93] . In the P2X7R C terminus, we found some tyrosines that can be phosphorylated and have consensus binding, such as SH2 motifs, to several tyrosine kinases, such as Src tyrosine kinase described above, and others such as JAK2, Itk, RASA, ZAP70, Crk, and Blnk (for more detail see Table 1 ). The consensus peptide bind to SH2 motif that we predicted in P2X7R C terminus, situated at N380-K387, is similar to the autophosphorylated tyrosine (pY) sequence in JAK2 (pY1008), and this same pY that, binding to SH2, is the substrate to protein-tyrosine phosphatase 1B (PTP1B) [94] , is also predicted in the P2X7R C terminus in the same sequence (Table 1) .
Phosphorylation and dephosphorylation of JAK2 by JAK2 and PTP1B are involved in obesity and diabetes regulation [95] [96] [97] and PTP1B is related to leptin resistance and disruptions of the PTP1B gene are involved in obesity and type 2 diabetes mellitus [98] . Obesity represents a major risk factor in the development of diabetes; in beta cells of islets, a compensatory mechanism exists that upregulates P2X7R in response to an increased insulin demand and the animals knockout to P2X7R [99] , suggesting that P2X7R could be involved in controlling obesity. The fact that the P2X7R C terminus has a similar consensus to JAK2, which has been described as a specific substrate to PTP1B, suggests that P2X7R is a good candidate for obesity studies. In fact, our group has preliminary data which shows that when P2X7R knockout mice and mice treated with brilliant blue G (BBG) were compared with wild type (WT) or non-treated, these animals gain more weight than controls in normocaloric diet (Fig. 3) .
P2X7R is also relevant to some human diseases and pathologies. In human bone disease, mutations in the P2X7R C terminus at E496A and I568N have been associated with the loss-of-function of the receptor, increasing the risk of fracture in post-menopausal females [100] . Dysfunction of P2X7R function causes alterations in inflammatory response [101, 102] and pain [103, 104] , and the inhibition of P2X7R is involved in spinal cord regeneration [105] .
There are many open questions about P2X7R function, activation, and specificity. In this review, we discussed different domains and motifs present in the P2X7R C terminus as well as their functions and importance in P2X7R biology. We also predicted some interesting putative domains and suggested some putative biological functions for each (summarized in Table 1 ). However, we know that there is much still to do to understand the complete role of the P2X7R C terminus and its therapeutic potential.
